Background: Individuals differ in their blood pressure (BP) response to changes in dietary sodium (Naϩ) intake. It is possible that differences in BP responses to dietary Naϩ are influenced by genes. Methods: A total of 35 older (62.9 Ϯ 1.2 years) hypertensive subjects had their mean arterial blood pressure (MABP) determined after 8 days of low (20 mmol/day) and high (200 mmol/day) Naϩ intake. The insertion/ deletion polymorphism of the angiotensin converting enzyme (ACE) gene was genotyped with standard polymerase chain reaction methods. Results: Of the 35 subjects, 24 were classified as sodium-sensitive (Ն5 mm Hg increase in MABP in response to the increase in dietary Naϩ) and 11 were classified as sodium-resistant (Ͻ5 mm Hg increase in MABP). Those homozygous for the insertion allele of the ACE gene (insertion/insertion [II]; n ϭ 8) had lower (P ϭ .04)
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Although epidemiologic and clinical studies support an association between dietary sodium intake and blood pressure (BP), 2 there is great variation in BP responses to changes in dietary sodium intake. This variation in the BP response to the modulation of dietary sodium intake has led to the classification of individuals based upon their BP sensitivity to sodium. 3, 4 Weinberger et al 4 have reported that approximately 25% of normotensive individuals increase their BP in response to sodium loading and are classified as sodium-sensitive. However, the proportion of individuals who are sensitive to the effects of sodium loading on BP increases to Ͼ50% in hypertensive individuals. In addition, there is an increase in the proportion of sodium-sensitive individuals with increasing age. 5 A number of investigators 6 -9 have examined the polymorphic insertion/deletion variation in intron 16 of the angiotensin converting enzyme (ACE) gene as a possible genetic determinant of essential hypertension. More recently, investigators 10 -12 have begun to examine the ACE gene and its possible role as a genetic determinant of the BP response to dietary sodium. These studies have produced mixed results. Two studies 11, 12 reported that individuals with the insertion allele were more sensitive to the pressor effects of the increase in dietary sodium than those individuals with the deletion allele. However, Kojima et al 10 reported no relation between the ACE insertion/dele-tion polymorphism and the blood pressure response to dietary sodium. All three of these studies 10 -12 were done in young to middle-aged hypertensive patients who have a lower prevalence of sodium sensitivity than older hypertensive persons. 5 Therefore, in the present study we sought to examine the relationship between sodium sensitivity and ACE polymorphism in a group of older hypertensive subjects. In addition, we sought to examine the role of the renin-angiotensin-aldosterone system in the determination of sodium sensitivity in older hypertensive individuals.
Methods

Study Population
A total of 35 subjects (14 male and 21 female) with mild hypertension were recruited for the study. Subjects were recruited through newspaper advertisement, from the University of Michigan Turner Geriatric Clinic, and from the Human Subject Research Participation Core of the University of Michigan Geriatrics Center. All subjects were community dwelling and in good health apart from their hypertension.
Subjects were screened before participation with a medical history and physical examination, a complete blood count, and routine chemistries, and a urinalysis. Individuals were excluded from the study if they had clinically significant concomitant medical illness such as cardiac, renal (serum creatinine Ͼ135 mmol/L), hepatic or gastrointestinal disease, or if they required medications that might affect glucose metabolism, BP or renal function. Also excluded were individuals with a recent history of smoking or drug or alcohol abuse, or clinically relevant mental health disorders. Absence of diabetes mellitus according to World Health Organization criteria 13 was confirmed in all subjects by a 2-h, 75-g oral glucose tolerance test. The presence of hypertension was defined in subjects who were receiving antihypertensive treatment or who had a seated systolic BP Ͼ140 mm Hg or a seated diastolic BP Ͼ90 mm Hg.
General Study Protocol
After a screening visit to determine their eligibility for participation as described above, subjects signed an informed consent form approved by the University of Michigan Institutional Review Board. Hypertensive subjects who were being treated with antihypertensive medications were tapered off their medications and were studied after a 4-week period during which no antihypertensive medications were taken. Body fat, lean body mass (LBM), and percent body fat was determined by dual energy x-ray absorptiometry (DXA, model DPX-IQ Lunar Radiation Corporation, Madison, WI). The regional distribution of body fat is indexed as the waist-to-hip ratio.
Subjects were randomized in a single-blind design to begin either a 20 or 200 mmol/day sodium diet, which they consumed over an 8-day period. All meals during the 8-day sodium diet period were prepared by the General Clinical Research Center Metabolic Kitchen at the University of Michigan. The two diets were identical in composition except for sodium content and consisted of 50% to 55% of calories as carbohydrate, 30% to 35% as fat, 15% to 20% as protein, 2600 to 3500 mg/day of potassium, and 300 to 350 mg/day of cholesterol. After completion of the first metabolic tests, the subjects consumed their own diet for a 1-week washout period and then were switched to the alternative sodium diet, which they consumed for a second 8-day period. Compliance with the diet was monitored by 24-h urine collections for sodium. Supine fasting venous blood samples were obtained on day 7 of the sodium diet for the determination of plasma renin activity and aldosterone levels.
On day 8 of each sodium diet, BP measurements were made while the subject rested in the seated position, following a 20 min resting period. Blood pressure was continuously monitored for a 30-min period using an Ohmeda 2300 Finapress blood pressure monitor (Ohmeda, Liberty Corner, NJ). Subjects were classified a priori using previously published criteria as either sodium-sensitive or sodium-resistant based upon their mean arterial blood pressure (MABP) response to the change in dietary sodium intake. 3, 14, 15 Those individuals who exhibited a change in MABP Ն5 mm Hg were classified as sodium-sensitive and those individuals who exhibited a change in MABP Ͻ5 mm Hg were classified as sodium-resistant. 3, 14, 15 Additional separate analyses were performed using a systolic BP criteria of Ն10 mm Hg and a diastolic BP criteria of Ն5 mm Hg.
Gene Polymorphism Determination
High-molecular weight genomic DNA was isolated from EDTA-anticoagulated whole blood by standard procedures. 16 Subjects were genotyped for the ACE intron 16 Alu insertion by the method of Tiret et al. 17 The I (insertion) allele yields a fragment of 490 bp, and the D (deletion) allele yields a product of 190 bp. Heterozygotes were characterized by the presence of both bands plus a slower migrating heteroduplex. Alleles were scored by direct comparison to sequence-verified controls run on the same gel, and subjects were classified as insertion/insertion (II), insertion/deletion (ID), or deletion/deletion (DD).
Statistical Analysis
Data were analyzed using Statview (Abacus Concepts, Berkeley, CA). An ␣ level of 0.05 was accepted for statistical significance. Comparison between the characteristics of the sodium-sensitive and sodium-resistant subject groups was made using analysis of variance. A two-way analysis of variance with group (sodium-sensitive and sodium-resistant) as one variable and diet (low sodium and high sodium) as the other was used to examine within-and between-group differences. The 2 test was used to compare the distribution of sodium-sensitive and sodium-resistant subjects among the groups with different polymorphic markers. All data are reported as the mean Ϯ SEM.
Results
Study Population
Subject characteristics are presented in Table 1 . A total of 35 older (62.9 Ϯ 1.2 years), moderately obese (percent fat 38.9% Ϯ 1.5%) subjects with essential hypertension were studied. When the 35 subjects were divided into sodiumsensitive and sodium-resistant groups based on their BP response to the dietary sodium protocol, 24 (68%) individuals were categorized as sodium-sensitive and 11 (31%) individuals were categorized as sodium-resistant. Although all of the African American subjects were sodium-sensitive, there was no statistically significant effect of ethnicity on sodium status (P ϭ .102) ( Table 1) . Similarly, there was no effect of gender on sodium status (P ϭ .561) ( Table 1 ). There were no statistically significant differences in age, weight, percent body fat, or waist-to-hip ratio between the sodium-sensitive and sodium-resistant groups (Table 1) .
There was no significant difference (P ϭ .311) in body weight between sodium-sensitive and sodium-resistant individuals on the low-sodium diet (82.0 Ϯ 3.1 v 88.9 Ϯ 6.3 kg) or high-sodium diet (83.1 Ϯ 3.1 v 89.1 Ϯ 6.4 kg). In addition, there was no significant effect (P ϭ .161) of dietary sodium intake on body weight. Although there was no significant effect of sodium status on systolic (P ϭ .2712), diastolic (P ϭ .9593), or mean arterial (P ϭ .7902) BPs, there was a significant effect of sodium diet across all three BPs (P Ͻ .05). Additionally, there was a significant interaction effect between sodium status and dietary sodium intake on systolic (P ϭ .0022), diastolic (P Ͻ .0001) and mean arterial (P Ͻ .0001) BPs, indicating that the sodium-sensitive individuals decreased their BP in response to the reduction to dietary sodium, whereas the sodium-resistant individuals did not ( Table 2) .
The mean plasma sodium levels were significantly (P ϭ .01) higher during the high sodium diet in both groups ( Table 2 ). The increase in dietary sodium resulted in significant decreases in plasma levels of aldosterone, and plasma renin activity levels in both groups (Table 2) . There was no difference between sodium-sensitive or sodium-resistant individuals in plasma levels of aldosterone and plasma renin activity on either sodium diet.
The mean 24-h urinary sodium excretion was significantly (P Ͻ .0001) higher during the high-sodium diet in both groups, which was appropriate for the dietary sodium intake ( Table 2 ). There was also a significant (P Ͻ .0001) increase in urinary volume in both groups with the increase in dietary sodium ( Table 2) .
Sodium Sensitivity and the ACE Gene Polymorphism
The distribution of ACE genotypes in this group of older hypertensive individuals was 23% II, 57% ID, and 20% DD (Table 3) , which is similar to the distribution of the general population. 18 The change in systolic, diastolic, as well as MABP induced by sodium intake were each significantly different depending on the I/D ACE genotype (Fig. 1) . Those homozygous for the insertion allele of the ACE gene (II; n ϭ 8) had lower (P ϭ .04) mean BP responses to the increase in dietary Naϩ (0 Ϯ 3 mm Hg) compared to heterozygotes (ID; n ϭ 20) (9 Ϯ 2 mm Hg; P ϭ .0001) and those homozygous for the deletion allele (DD; n ϭ 7) (9 Ϯ 3 mm Hg; P ϭ .05). The prevalence of sodium sensitivity (change in MABP Ն5 mm Hg) was higher (P ϭ .0083; 2 ϭ 9.58) in DD (71%) and ID (83%) compared to II (25%) genotype groups (Table 3) . There was no difference in the mean BP response to dietary sodium between those individuals homozygous for the D allele compared with the ID heterozygote ACE genotype group. Similar results in the prevalence of sodium sensitivity in regards to the ACE genotype were observed if a change in systolic or diastolic BP were used (Table 3) .
Although there was a significant (P ϭ .005) increase in plasma aldosterone levels with the decrease in dietary Naϩ intake in all three ACE genotypes, there was no significant (P ϭ .5581) difference among the three groups (Table 4) . Similarly, there was a significant (P ϭ .0001) increase in plasma renin activity levels with the decrease in dietary Naϩ intake in all three ACE genotypes (Table  4) . However, the three ACE genotypes did not differ in this response (P ϭ .8253).
Discussion
The present study demonstrates an association between the insertion/deletion polymorphism in the ACE gene and sodium sensitivity of BP in older hypertensive individuals. Subjects homozygous for the insertion (II) allele at the ACE locus demonstrated significantly lower BP response to a reduction in sodium intake compared to those homozygous for the deletion (DD) allele or heterozygotes (ID) (Fig. 1) . In addition, the prevalence of sodium sensitivity was significantly higher in DD (71%) and ID (83%) genotype groups compared to the II (25%) genotype group. There is much controversy concerning the definition of sodium sensitivity due to the lack of a uniform definition and methodology. In the present study, 8 days of high and 8 days of low sodium intake were used to assess sodium sensitivity. This method to assess sodium sensitivity has been shown to be both reliable and reproducible within individuals. 19 The classification of sodium sensitivity is most often determined by a change in MABP. 4,5,10 -12,14,15,20 -22 Because the change in MABP is weighted more heavily to reflect diastolic rather than systolic BP change, the question arises as to whether similar results would have been obtained if the criterion to define sodium sensitivity was based on changes in either systolic or diastolic BP alone. If subjects in the present study were classified as sodium-sensitive based on an increase of Ͼ10 mm Hg in systolic BP (comparable in magnitude to a change of 5 mm Hg in MABP, assuming little or no concurrent change in diastolic BP) the prevalence of sodium sensitivity remains higher in the DD and ID genotype groups, although this difference is of borderline statistical significance ( 2 ϭ 5.303, P ϭ .07) (Table 3) . Similarly, if individuals are classified as sodium-sensitive based on a change of Ͼ5 mm Hg in diastolic BP alone, the prevalence of sodium sensitivity remains higher in those individuals with the DD and ID genotypes ( 2 ϭ 5.982, P ϭ .05) ( Table 3) .
The results of the present study disagree with what has been previously reported by Hiraga et al. 11 and Giner et al, 12 who reported a significant association between sodium sensitivity and the presence of the insertion allele of the ACE gene, and by Kojima et al. 10 who reported no association between ACE genotype and sodium sensitivity in 75 Japanese subjects with essential hypertension. One possible explanation for the differences between our study and those that have reported an association between sodium sensitivity and the insertion allele of the ACE gene may be differences in the subject population with respect to age and ethnicity. Weinberger and Fineberg 5 have reported that the greatest prevalence of sodium sensitivity is observed in those individuals aged Ͼ60 years. In this population, the sodium responsivity of BP is independent of the BP level itself. Others 18, 20, 21 have also reported that age is a major factor in the BP response to changes in dietary sodium. In the present study the mean age of our population was 63 years, whereas in previous studies the mean ages of the subject populations were approximately 50 years 10, 12 and 30 years. 11 It is also possible that differences with respect to ethnicity may explain the differences between results reported in this study and in those previous studies. 10 -12 The population examined in the present study was heterogeneous, consisting of African Americans as well as whites of various ethnic backgrounds. The same distribution of sodium sensitivity status in regard to ACE Table 2 . Plasma and urinary values in sodium-sensitive and sodium-resistant hypertensive subjects on low-and high-sodium diets .3745
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genotype was observed in a separate analysis that excluded the African American subjects. Previous studies examining sodium sensitivity and the ACE genotype were done in homogeneous populations of consisting of individuals of only Japanese 10, 11 or Spanish 12 descent. Another possible explanation for the differences between our study and those that have reported an association between sodium sensitivity and the insertion allele of the ACE gene may be differences in the methods used to assess sodium sensitivity. In the two studies 11, 12 that observed a significant relationship between the insertion allele and sodium sensitivity, subjects were placed on a low sodium diet (50 mmol sodium/day) for 1 week, followed by a second period of 7 days on a high sodium diet. 
P Value
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ACE ϭ angiotensin converting enzyme; II ϭ insertion/insertion; ID ϭ insertion/deletion; DD ϭ deletion/deletion. Neither of these two studies had a washout period between the two sodium diets, nor was there randomization in the order of the diets. In the present study, we used a lower low sodium diet (20 mmol sodium/day) as well as a washout period between sodium diets. In addition, subjects in the present study were randomized to the different diets. It has been suggested that the physiologic adaptation when subjects change from low to high sodium intake may differ from that observed when they change from high to low sodium intake. 22 It is possible that, by not randomizing subjects to high and low sodium diets or omitting a washout period between the two sodium diets, the classification of sodium sensitivity differed from that in our study.
It has been reported that individuals who have a rise in BP in response to an increase in dietary sodium have no change 23, 24 or lower plasma renin activity levels. 21, 22, [25] [26] [27] In the present study we found similar plasma renin activity levels in sodium-sensitive and sodium-resistant individuals. The lack of difference between the sodium-sensitive and sodium-resistant individuals in the present study with respect to plasma renin activity levels may have to do with the age of the subjects. Plasma renin activity levels have been reported to be lower in older individuals. 20, 26 It is possible that there may be a floor effect such that a further reduction in plasma renin activity levels in older hypertensive subjects may be difficult to detect. There was no difference in the response in plasma renin activity on either of the two sodium diets in the three ACE genotypes. All three ACE genotypes had significant and similar decreases in both plasma renin activity and plasma aldosterone levels in response to the increase in dietary sodium intake. Although it is possible that greater activation of the reninangiotensin system may contribute to the BP response to changes in dietary sodium in the sodium-sensitive individuals, 28 it does not appear to be modulated by the ACE gene. It is possible that the ACE gene influences the BP responses to dietary sodium by altering peripheral vascular function. It has been reported that those individuals with the ACE DD genotype have impairment in endotheliumdependent vasodilation. 29 -31 Therefore, the finding in the present study of a significantly greater percentage of sodium-sensitive individuals with the DD polymorphism may be due to an inability to alter vascular tone when placed on a high sodium diet. In support of this hypothesis, Draaijer et al 32 reported that large artery compliance was reduced in sodium-sensitive hypertensive compared to sodium-resistant hypertensive subjects. 32 Further studies need to be done to examine the ACE gene and its potential role in impaired endothelium-dependent vasodilatation and decreased arterial compliance observed in older sodium-sensitive hypertensive individuals.
The deletion allele of the ACE gene has been associated with increased risk for cardiovascular disease. [33] [34] [35] Staessen et al 35 reviewed a number of human studies with a case-control or cross-sectional design focusing on the relationship between cardiovascular-renal disease and the ACE gene polymorphism. The authors reported that the DD genotype was associated with an increased risk of cardiovascular heart disease, myocardial infarction, stroke, and diabetic nephropathy. It is possible that sodium sensitivity is also a risk factor for cardiovascular disease. In support of this, Morimoto et al 36 reported that cardiovascular events occurred more frequently in subjects with essential hypertension who were sodium-sensitive than in those who were sodium-resistant. In addition, these workers found that sodium sensitivity was a cardiovascular risk factor independent of BP and smoking. Sodium sensitivity has also been associated with increased ventricular mass. 37 In conclusion, sodium sensitivity is associated with the ID and DD polymorphism of the ACE gene in older hypertensive subjects. This finding supports the hypothesis that sodium sensitivity is, in part, genetically determined. It is possible that age and the ACE gene interact to cause the increase in the prevalence of sodium sensitivity with aging. Sodium sensitivity in younger individuals may not demonstrate the same association with the ID and DD polymorphism of the ACE gene. Future studies will be needed to examine the interaction between age, the reninangiotensin-aldosterone system, and the ACE genotype. Table 3 .
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